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ABSTRACT

A wideband, circularly polarized antenna system ha-, been developed

for use on spin-stabilized synchronous satellites. The satellite is assumed to

he a right-circular cylinder of 84-in. diam and 77. 3-in, height. The antenna

consists of two circular arrays of 12 radiating elements equally spaced around

the circunife rence of the satellite. The axial spacing betw\eenf the tw,.o arrays

is 40 in. The basic raokatinr clenient is a cro)ssed-( dipole with flat open sleev'es,

and the VSWP. is less than 2. 5:1 over a 1. 8:1 frequency band (225 to 400 MVIFz).

Both the diipoles ;and sleeves a i-C of vi re-grid const roction for 111inili zation

of solar cell shadowing. The electrical performance of the antenna is established

on the basis of hajlf-scale rnodel meastirenicnts. It is shown that the antenna

can provide an EOF, gain (gain in the direction of the edge of the earth) of riore(

than 4. 3 (13 froni 225 to 250 MHz and at least, 8. 5 d113 fromi 250 to 400 M117.
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I. INTRODUCTION

The objectives of this study were the development and experimental

demonstration of the RF feasibility of a wideband, circularly polarized

antenna system for use on spin-stabilized gatellites at synchronous altitude.

The antenna system is required to operate over a frequency range of 225 to

400 MHz, and sufficient antenna gain must be provided in the direction of

the edge of the earth (EOE). The general electrical performance require-

ments are summarized in Section IIA.

'rhe satellite is assumed to be a right-circular cylinder of 84-in.

diam and 77. 3-in. height. In order to meet the bandwidth and gain require-

ments, the recommended antenna configuration is a two-bay, circular array

of open-sleeve dipoles. Each array consists of 12 elements equally spaced
around the circurrference of the satellite, and the axial spacing between the

two arrays is 40 in. Since the entire surface of the satellite is covered with

solar cells, shadowing of the solar cells by the antenna must be minimal.

For this reason, the dipoles and sleeves are of wire-grid construction.

Clear quartz is recommended for the sleeve and dipole supports.

A half-scale model was used for evaluation of the electrical perfor-

mance of the antenna. Pattern and directivity measurements were made

over the 450 to 800 MHz frequency band. An axial dipole spacing of 20 in.

and a dipole-to-reflector spacing of 5 in. were used for most of the measure-

ments. However, measurements were also made with other spacings in an

effort to optimize the array performance. Results of these measurements

arc discussed in Section III. On the basis of the measured pattern and

directivity characteristics of the half-scale model, the electrical perfor-

mance of a full-scale antenna has been projected, and the results havu indi-

cated satisfactory compliance with the specified gain requirements. The KOL

gain is greater than 9. 3 dB from 225 to 250 MHz and at least 8. 5 dB from

250 to 400 MHz. A detailed discussion of the full-scale antenna configurationj s gi,,en in Section IV.

- -
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IU. DESCRIPTION OF ANTENNA SYSTEM

A. REQUIREMENTS AND DEVELOPMENT CONCEPT

The proposed antenna system is intended for use on spin-stabilized

satellites that operate at synchronous equatorial orbit with the spin axis

rarallel to the earth's North-South pole, As previously mentioned, the

spacecraft is e ssuned to be a right-circular cylinder of 8 4 -in. diam and

77.3-in. height. Because the entire cylindrical surface is covered with

5olar cells, minimal shadowing of the solar cells by the antenna is an

important consideration.

The antenna is an electronically despun antenna, and there are no

strict requirements on the antenna beam shape and sidelobe levels. How- H
ever, the gain levels must be met and circular polarization is required.

The gain specifications at the earth's limb for the antenna system are given

in Table 1. The gain includes all the losses associated with the antenna

system but does not include the diplexer losses.

Table 1. Antenna Gain Specifications

Frequency, Gain at Earth's Limb,
M Hz d Bi

225-250 9.0

250-400 6.0

250-350 6. 0 minimum

The antenna configuration is an array of crossed, open-sleeve dipoles

Capable of electronically switching the beam through 24 different positions

,ruallv spaced around the satellite 's equator. Twenty-four crossed sletvc-

ii ) ,,hs arc arranged to forni two circular arrays of 12 clem enis equally

Mp.ci about Lhe circumference of the satellte. The two circular array-

PiECEDIZt PAGE BlAhK- - D' FlIED
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are spaced 40 in. apart in the axial direction. The antenna beamn is

electronically despun, and only a 2 X 2 array is excited at any ono time.

The dipoles are focd in a similadr manner as in the LES-6 alatnna. systemn

(Refs. I and 2). When two adjak tent pairs (2 X 2 a rray) of crossed dipoles

are exe itvee, a direct ivye, -i ru idariiy pola riied ra dijati on patlecrn is fo rmed

xvitii the beam p.a k no r 1 ial I( tt'1 i spin axis. By inca ns of elect ronic sequ en -

tialswichig .indphasing. as in lte !.F.S-0 syst em, the ln'arr isscne

through 2- qal patdpston esr(l~t~lv switc-hing lo)gic:

Points thek litaiii tmwar the ('arfh a;I(,satellite rotates, in order to obta in

two hcints: frow. ito a-dja1Icnt ;Antennilas, a diffe'-vl elc (if 1p.t se is applied

b-1,Ctci IhIc SIcn1lls tit O' w ' aontevnnas. Hy rrversing the phases of the twov

antenna i id heL betim c-an he sc-anned it and thcr ptsi o. 'smuces -

sivt'1\ s\\ltthin. a pha st ttt'i he-tv.eeenr the a1lttellrla-s, t . ±2g(I. 4 et

can~ ient~itc \t-i\ 4,I paj1 .N. it~~ 'i~i r is cvii' it-d in piatds

lietdosethe prttpt'i' (!(IIeis inlseiti-d It, lh'ii 1itwaiii ±'T. 5) ieg ;hitlt ilt(

in1-PI ast P%'Stit'ln. ; :It. to heams ageneraied I rmn' two idac'n aritenrnas,

the, beaml svviltclinL lcatit'ns, tid the, btantl positio'ns I clative, to) t'' earth

art, shownl ill Vig. 1. 'Ille IK"OF po~sit ion, \% hicItl iS st. 65' (1442 trio i IIt- c ente r

Sthe k'art 11ItE a -silchiroiiIus ''rblI, is also hon

fail -sle mode t ,Iptr.i l t rivisitins ar ni nadt tor switk-in the anitenna

to viehi an, einidirctitmal Pa-tttt'rn in ilt eveilt 4f iilii' in tint- zif5niig,

logic andswitcingl4 ci rc-iiitrv. Sy~stviig i .o l w Issl h

10 (1B) than niormial. 11owever, cetrtin Liiuitjcdtli)n links tail still b

p!_iaVidL'ii betweenVl th saitilit.- andl~ tile hligllpcrtrminiiice teri'liifldls.

11. SATELLI AND) ANTENNA MOPFl.

The RF per fo rm ance cIia rat-teri st it: of tile anltenna we~r e evalitia ted

with the itse ofi a half-scale ilitlI. ligire 2 is ;a photograph t4 the satellite

model1 c with ope-n - slevc' di p . cs. -'ll(t nit it' is ait ightA-:i r cular 'C vl nd e r

(12-in. dhain and 38. '-in. lieight and is covere-d with a periorateci a uitiiiiun

-4-
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Wideband impedance and pattern performance were obtained with

open-sJlccvc dipoles (Rcfs. 3 anid 4). A VSWR response of less than 2. 5:1

was obtainedl over the 225 to 400) Mhlz hand. Sleeve antennas generally have

wvider pattern bandwidth c ha ractceri sticE than convvr'nt ioal 1Ceyli nd~rical (fat)

thipoic s (Ref. 5). In tich prICsent system, t he dipoles and sle VPs airc (of1 xvii c-grid construction for mirnimiz'ation of soila i cell shadmwing. The
crossed, sleceve dlipoles arec sho-wn in Figs. 2 and 3.

Thlt o riijnal tp(r-Slt'e antenna reported by Ila rlkley (ReIf. ( o)n-

Si~tetl ()fI kII I %V11o 1 it wo Closely spAced pa rasitic elemnrts. 'The length

of the Pa ra sites (.3levxcs ) w.as approxir-ately one -hallt that ot thc c nter -

IeC dI(II Po1L'. Anl experimntlalIt tldv (Rt. 3) inldi cated thIa t as \.% lde \,t I. I 'I

SleCOVt C0111iiglu rtions call he uscd %%ithout an%- deg~radation in the V.SWRl

hScected fol- thlis stiudx. 'I'l l n 11 vi W r-Crn?'d Cu)nStrmrtli()l ;111 lilt' Stx rofaml

sleecve ctS0* o n1 l~s. 2 til

Thte ctost ructit'll details t"). thc ke ro.Sel~, upnstv'diplcs,

dielee-tr se 5ltpJ0IrtS, 'Ind tbalunf ajr le ivel in !U 4. The wxirc-grid assembhly

CoOSiStS 0't 0. C2t-Ill, diaui stel wirvs SJIt-eddtthrarid subsu-

ciuentlv silver platedl. Tis kconst ruciw siriullates a Sod me"ttallitc Skrl~ct c.

The effective' diiir:iete r* (14ef. f ir' i ipeI( Call be' LeXprcsser as

11 - nurnber ()1 xi Ies

d - ciall-tt'1. (of \'.i Pus
0I
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Thus, the effective diameter of the dipole shown in Fig. 4 is 0.481 in.

The number of wires used in the flat sleeves was determined experimentally

by noting the change in VSWR response when wires were added to or removed

from the sleeves.

The feed line for the dipole (Fig. 4) is a copper-clad, 0. 141 -in. diarn,

semirigid coaxial cable. The balanced line of the balun is also a length of

this senirigid cable but without the center conductor. 'Ihe short circuit of

this line is coincident with the reflector surface. The dipoles are screwed

into the feed lerminals, and the sleeves are supported by Styrofoam.

The polarize r unit used to achiev quadrature phase relations between

the orthogonal dipoles consisted of a wideband hybrid (Anzac Electronics,

Model No. 11-8) and a 90-deg phasing cable cut for each of the test fre-

quencies. (Wideband quadrature hybrids we, re not available for the experi-

ments. ) Four crossed dipoles (2 x 2 array) were fed sinmultaneouslv through

a corporate feed structure as shown in Fig. 5. For reference, Fig. 5

also shows tle relative p)sitions of the antenna elerients and the co,,rdi nate

systenm used in the ,nwasurements.

The feed for each dipole is considered to be fron the Iced-input port

to the cdipole-balun port. The measured insertion loss charact-'ristics are

shown in Fig. 6. The data points represent the average loss as detected

at the eight dipole-balun ports; the 1.ars represent the peak deviation of the

measurements. The true feed network insertion loss is detined as the measured

power transfer less the 9 dB associated witl' the cascading of three 3-d3 powker

dividers. The input VSWR to the feed network when the eight dipoles vere

connected according to Fig. 5 is shown in Table 2.

'fable 2. teed Network Input VSWR

Frequenc,
Mltz VSWR

450 1.15
500 1.26
600 1.20
700 1.25
800 1.36

-9-
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For most of the measurements, the axial spacing between the dipoles

on the model was 20 in. (40 in. full-scale). Some data were also obtained

with spacings of 18 and 22 in. Normally, the dipole-to-satellite spacing

was 5 in. (10 in. full-scale). However, some measurements were also

male with spacings ranging from 4. 31 to 6.25 in. A length of RG-58/U

cable was used to provide the phase delay, and a relative phase of 25 deg at

225 MHz was used between the elements in the azimuth 0 plane.

3 -I 11

s2
:

C)

.Z.

C)

0z 40 , I I ,I ,
400 500 600 700 800

FREQUENCY, MHz

Figure 6. Insertion Loss of Antenna Feed Network
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Ill. RESULTS

A. PATTERNS AND DIRECTIVITY

1. 20-IN. AXIAL DIPOLE SPACING AND 5-IN. DIPOLE-

TO-REFLECTOR SPACING

The measured radiation patterns in the equatorial (azimuth) and polar

(longitudinal) Ilanes of the satellite are shown in Figs. 7 through It. For

these measurements, the axial spacing between dipoles was 20 in., the

dipole-to-reflector spacing was 5 in., and the azimuth phasing cable was

equivalent to 25 deg at 450 MHz.

The patterns were measured in an anechoic chamber (Ref. 8) with the

transmitting antenna comprised of a 6-ft dian parabolic reflector located at

the tapered portion of the chamber (Fig. 2). The parabola was illuminated

with a conventional sleeve dipole (Ref. 5) feed mounted in a cylindrical cup

(Ref. 9) such that the E and H plane patterns were equalized. The dipole was

rotated at a speed of 60 to 80 rpm as the patterns were recorded. This

provided a measure of the axial ratio of the test antenna at all aspect angles.

The response to a circularly polarized wave can be obtained from the

pattern recordings by taking the RMS value of the maximun and minirnum

amplitudes (major and minor axis of the polarization ellipse) at each aspect

angle. The half-power beamwidth (HPBW) of the patterns for a circularly

polarized wave are shown in Fig. 12. The data points represent the average

values of three to seven measured patterns; the bars represent the maximum

deviation. The 0 pattern shows an increase in the HIPBW at 700 MHz. This

is believed to be due to a "resonance" effect caused by the arrangement of

the sleeves. This resonance effect would occur at other frequencies if other

sleeve configurations were used.
Gain measurements were made on the half-scale model by using the

substitution nethod. In this method, the satellite antenna is compared to a

"standard gain" antenna, which is a corner reflector with a feed dipole tuned

-13-
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for each of the test frequencies to yield a VSWR of less than 1.2:1. Trwo

mechanically identical corner reflectors were mnade for each of the test

frequencies and calibrated on an outdoor antenna range by using the two-

antenna method. Measurements were obtained for several different dlis-

tazices between antennas. The standard deviation was less than 0. 1 5 dB. I

A typical corner reflector that was used as the reference antenDna

is shown in Fig. 13. For eachi gair~ measurenient, the reference signal

was recorded vit h (fie c orner reflector inounted as shown in Fig. 14. 1 fie

corner reflector was remnoved when the signal fomn the test ante mna was

being recorded]. Care was t aken to vrnsure that the phase center of t he

satellite anlenna -assuiled to be at the surlace of the cylinder) and the cur-

'c elector \\,crc locatedi tilt saniie (iistdtlce i roin the transtiitting antenna.

Nt ea;ch test frvcluency the gain m~ inIastlreu at Whee rliterent rangq.

distances, at two) saitclit positions j1 /axi:, point ing it) thc caist LnrI thenf io

ti1Le . xs t I, a nd \% ithl thle iransin it t ing anten nna po la r iza tion alIigned aIlng thfe

niajor aixis of he polar in.a:ion ellipse. 1i his* proc cnn ICman repeated "Ah *

the polarizat ion alignied %%ith the niinor axis of the pola rizat ionl ellipse. I h.u S,

each Jala poit fo r a given freq~uency' represented the average of 12 nica-

surenients . Correction tacturs "~ere used to normialize the gain o. the sautcl- I'

lite antenna \%Oh~ respect to a circularly polarized %kave source sinct: lint-arly

polar iz.ed t ransrnit ting and] r efe rence antennas 'a crc used . Ind epe nde nt gaini

Inca su reunie nt were nmade as the experimiental pr og rant proc eeded in order
to obtain a good estimiate of tihe irrean patin and its variance. 'I hiest 1tleasutr-

nlents were rnade under the following conditions: III) with cables disconnect ed,

then reconnected, (2) with other groups of dipoles, and (3) wvith both of tile

calibrated refer en ce antennmas T hemse diiffe rent conditions together with

repeated nIicasu re inentb p royided sufficijent data to r ci erinimat ion of a ni~a n

value for the gain.

The results of the array gain icas urenient s are show),%n in Fig. 1 5.

'111e daLa points (circles) represet tile nlean kalues for each frequency, the
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Fig~ure i 3. Cu rnc'r Rc tlcctu r Usotd as a
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Ani vnn a

Figure 14. Corner Reflector Mounting
Arrangemecnt for Gain
Mcasurernents
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bars represent the scatter of the data, and X represents the standard deviation

s d*The curve is a fourth-order polynomnial equation least squares fit to the

data. The standard decviation of the best-fit curve is 0. 3 dB; n indicates the

numiber of samples used.

The nieasu:.ed dirctivity was determined by adding the fccd network

loss, w;hich is the loss from ti~e feed input to the 1)alun terminal, and the m-is -

match loss to the measured gain. The network loss is shown in Fig. 6. The

mismiatch 1loss was delcrinnd fron- thc VSW R of an individual li polce looking

into the balun termiinals (Section 111B). The measured di rectivitiv is shown in

Fig. 16. '1he KSS value of the Variances, i.* e . , reference a ntenna call brat~on

(0. 2 (P. 1,i ), teed netvvork losses (0. 1 db5. !T).i mismiatch losses (0. 1 dP,), lii,

and the array- Vain icasurenients, , as used to ob~tain a \alue u! 0. 39 di'l for the

overall. dev.iation of the mecasured d irectivity.

The directivity was also obtained by numecrical inte, ration of the 111ca-

sured radiation patterns over 47, sterad. 'Conical cuts, i.e. , patterns

defined by E(0 01 Ot p), were nacic in 5-(leg inc reirents of 0 to obtain the

volumectric radiation pattern of the array. Tihe directivity can he calculated

fromr

f f(e, 9P)sizn 0 (10 (10)

The antenna directivity computed by graphical integ.ration of a set of radiation

natterns is show,.n in Fig. 17 .

The diffcrence between the measuredt and computed directivity is con-

sidc -d to be the lo'-s in Lhe antenna element. This loss can be attributed to

t. Kpole, Sleeves, balun, reflector, and u~tlie r uniaccouintable factors. Uri

0-!(- average, the antc-nna loss is 0. 28 dB.

The comiputation of directivity by graphical integ ration of the nieasured

radiation patterns is a tirzie-consuniing; task, It requires approxinliatcl% 6 i
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o pattern measurements in addition to the time required for data reduction.

Therefore, a more simplified procedure for obtaining a rapid estimate of

the directivity is desirable. A reasonable approach is the use of the patterns

in the two principal planes, i.e., E(E, 0 = 0i) and E(E = 900, 0), where 01 is the

angle of maximum intensity in the equatorial plane. The antenna directivity

can be approximated (Ref. 4) by

D = DvDH  (2)

whe re

D V (3)
DV  oE (0, = i)sin E de

and

D - 2w (4)
H f E 2 o = 90 ° , O)d

where the pattern is normalized to the beam peak. Dv is the directivity

enhancement in the "vertical" plane pattern as if the azimuthal pattern were

omnidirectional, and D H is the enhanced directivity in the "horizontal" plane

since the array pattern is not omnidirectional. This approximatign is based

on the assumption that the 0 plane patterns are independent of the angle 0 and

vice versa. Experimental data have indicated that the relative shape of the

0 plane patterns are fairly close for various angles of 0 in the major portion

of the main beam, i.e., E(e, 0 = O1):C E(e, 0 = 02)' where C is a constant,

and 01 and 02 are confined to within 10 dB of the main beam peak.

The directivity as compared with the integration of the measured pat-

terns over 4w sterad is shown in Fig. 17 based on the approximation of Eq. (2).
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The comparison is within 0.75 dB and averages 0.44 dB. The DvD H values

for each frequency were derived from the integration of a number of patterns

(a minimum of four). The average standard deviation of all the mean values

is 0. 2 dB; the highest is 0. 36 dB. This procedure yields fairly accurate

results for rapid estimation of the directivity. In many cases, only the

principal plane patterns are available.

The EOE gain is the important factor for the systems engineer in

determining the power budget. In the polar plane, the decrease in antenna

gain 8.65 deg from the beam peak is considered. In the equatorial plane,

the EOE is considered to be 8.65 deg away from the two beam switching posi-

tions (Fig. 1), i.e., - 8.65 and + 23.65 deg. The measured EGE correction

(decrease in gain from the beam peak) values for the two planes are shown in

Fig. 18. The vertical bars represent the scatter of the data. The mean value

for each frequency is also shown. A second-order least-squares fit curve is

plotted, and the standard deviation from the best-fit curve is shovn in each

plot. For comparison, the theoretical EOE ripple is shown as the solid curve.

The EOE directivitics derived from the mneasured directivity and the experi-

mental EOE ripple are plotted in Fig. 19. The standard deviation of the best

estinate of the EOE directivities is noted on each curve. This was obtained

by taking the RSS value of Lhe standard deviation of both the measured direc-

tivity and the EOE ripple.

2. OTHER DIPOLE SPACINGS

In this section, the performance of the array is described for dipole-to-

reflectcr spacings of 5.5 and 6 in. and an axial spacing of 20 in. , and for a

dipole-to-reflecto r spacing of 5 in. and axial spacings of 18 and Z2 in. The

pertinent pattern and gain characteristics with respect to a circularly polar-

ized source are presented.

The radiation pattern characteristics for dipole -to -reflector spacings

of 5.5 and 6 in. and an axial spacing betveen dipole elements of Z0 in. arc

-27I
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*-huwn in Figs. 20 through 22. The measured patterns in the polar and

.quatorial planes are shown in Figs. 20 and 21, respectively. The half-

power beamwidths are shown in Fig. 22. For comparison, the pattern char-

acteristics for a dipole -to-reflector spacing of 5 in. are also shown.

Larger dipole-to-reflector spacings were also investigated for improve-

ment in the VSWR of the dipole elements. The element pattern beamwidth is

wider because the dipole-to-reflector spacing is larger than 0.25x, which is

the point where beam bifurcation begins to occur. An improvement in the

VSWR was obtained (Section IIIB), but no significant change was observed in

the gain and bearnwidth characteristics at the low end of the frequency band.

The beamwidth increased slightly at the high frequency end, thus decreasing

the EOE ripple. However, this was offset by the decrease in directivity that

was caused by the increased sidelobe levels. The measured directivities are

shown in Fig. 22.

Figures 20 through 23 show that there are no significant changes in

pattern and directivity characteristics at the low end of the frequency band

because the elenent pattcrn beam bifurcation is not proniincnt. Houwcver, dt

the highcr frequencies, where the dipole-to-reflector spacings are 0. 37\

(5. 5 in.) and 0. 41% (6 in.) at 800 MHz, a noticeable split is shot. in the ele-

ment patterns (Ref. 10). This causes a wider array bcamwidth and increases

the sidelobe levels. The sidelobe level change is shown in the patterns for

both the polar and equatorial planes at 800 MI-z. At 450 and 600 MHz, only

the spacing patterns at 6 in. were plotted for comparison with those at 5 in.

It should be noted that the excessive loss in gain %,as predonrinantly due to

the increased sidelobe levels rather than the increased half-power beaniwidths.

The mcasured half-power beamwidths for axial spacings of 18 and

22 in. and a dipole-to-reflector spacing of 5 in. are shown in Fig. 24. With

a chanL'c in the axial spacing, only minor perturbations would be expected

in thc o p l a ne pattern. Hc-\veve r, the 0 plane would be expected to show the

(j,*.-asura le pattern changes. The predicted gain change is only a few tenths

d!', frmi th. nominal 2(0 in. spacing as illustrated in Fig. 25, which is a plot
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of DV as a function of the axial spacing, where DV is the directivity

enhancement in the 0 plane. DV was computed from Eq. (3) with the use of

the measured element patterns (Section IIIA3). Because of the variance in

the gain measurements, the chance of detecting a change of ±0.25 dB with any

significant degree of confidence would require many measurements. There-

fore, gain measurements were not attempted. However, the differential

gain can be established experimentally by determining DV from the integra-

tion of thc measured radiation patterns. In Table 3, the AD V values as

determined from Fig. 25 arc compared with those from the measured DV

values.

Table 3. Comparison of Computed and Measured ADV
for Axial Spacings of 18 and 22 in.

Mca su red
Frequency, DV , di AD V , di0

Mt-z 18 in. 22 in. Mcastrcd Computed

450 4.98 5.45 + 0.47 + 0.47

600 5.65 5.3 - 0.35 - 0.2)

800 4.85 4.9 + 0.05 - 0.12

3. COMPARISON OF MEASURED AND C,%NUTED DATA

Patterns in equatorial and polar planes of the satellite were computed

from a simplified array theory by using the measured clement patterns of the

wire-grid, flat-sleeve, crossed dipoles. in this section, coroparisons are

made of the measured and computed patterns, EOE ripple, and directivitis.

The element patterns were measured with the use of a right-circular cylinder

of 30-in. diam and 4 8-in. height instead of the 42-in. diarn satellite model

because of a time and scheduling problem in the antenna laboratory. The

cylinder, which was available from previous experiments, was covered with

1-in. wire mesh netting in order to simulate the metallic surface of the satel-

lite. For the intended objectives of the study, the differences in the element

pattern measured on a 42-in. and a 30-in. diam rrodcl were not expected to

significantly affect the results of the array computations.
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The crossed, open-sleeve dipoles (Fig. 3) were mounted midway along

the surface of the cylinder and spaced 5 in. from the metal surface. E and

H plane patterns were recorded for both the axially and transversely mounted

dipoles. The response for circular polarization was derived by calculation of

the RSS value of the two measured field components. For example, the RSS

field in the azim-uth plane is given by E 2 + E2, where E is the H-plane1 2' 1
pattern of the axial dipole, and E 2 is the E-planc pattern of the transverse

dipole. The polar plane pattern was determined in a similar manne r. -he

elertient patterns of the crossed dipoles in the azimuth and polar planes

are shown in Figs. 26 and 27, respectively. It is interesting to note that the

elenient patterns can be closely approximated by

E (0) 0.224 + n.776 cos 0.75o , 0 !Pl - 120°
e i

E (0) 0.224 + 0.776 sin '2 5O , 0 - 0 i80,

flhese mathematical expressions for the element patterns can be used tu

sinmplify the calculations for the array patterns and directivity.

The equatorial plane patterns for the 42-in. diain satellite model with

two antennas mounted 30 (leg apart are shown in Fig. 28 based on the element

S patterns of Fig. 26. The effects of mutual coupling, re radiation from the

cylinder, edge effects, and the radiation phase pattern of the individual dlc-

ments were neglected in the computations. I he array pattern is given by

jka cos o ,j(ka coss(30'-o)-- 6 )E (o) = EC ()e j k a  + E %30 ° 
- 9) (5)CDS €

Swhe re

measured element patterns

k :f 27/i",

a = phase center radius (assumed to be at the surface
of satellite)

6 = phase delay

-38-
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The phase delay 6 is 25 deg at 450 M.Hz and since the phasing section is a

coaxial cable, the phase at the other frequencies corresponds to the time

delay in the cable. The pattern in the backlobe region is not shown because

computations for pattern levels 15 Lo 20 dB below the beam peak would prob-

ably be unrealistic due to the assumptions that are made.

The experimental data points plotted in Fig. 28 permit comparison

with the computed patterns. Relatively good correlation is shown in the main

lobe and the sidelobe levels. The angular locations of the minima on the 600

and 800 NMI-z patterns indicate that the choice of the phase centers at the

satellite surface is satisfactory. For the five patterns shown the experimental

points have an average standard deviation of 0.25 dB within 3 dB of the main

lobe peak and 0.57 dB in the remaining portion of the pattern. The standard

deviation increases to 1.3 dB in the low-signal regions of the patterns. The

data points are the average of from three to seven patterns such as those

shown in Figs. 7 through II. They represent the response to a circularly

polarized wave and were obtained by taking the RMS values of the maximum

and minimum amplitudes (major and minor axis of the polarization ellipse)

at each aspect angle.

The radiation pattern in the polar plane (Fig. 29) corresponds to that of

a broadside array of tw'o elements fed in phase, or

(0) = E (e) cos( cos 0) (6)

whe re

e = angle measured from the longitudinal axis of

the satellite

E (0) = measured element pattern
e

s axial spacing of the elements

The experimental data points are superimposed on the computed polar

pate rns. Good correlation is shown in both the main lobe and the sidelobe
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levels. The experimental points have a peak deviation of + 0.3 dB in the main

lobe and generally within + 0. 5 dB in the remaining portion of the pattern except

near the low-signal region. The patterns are shown for the angular region of

E = 0 to 90 deg because symmetry exists about 8 = 90 deg. The data points

represent the average of nunercus patterns as well as the patterns in the

range e = 90 to 180 deg. The patterns were measured in a great circle cut

through the azimuthal beam peak generally in the plane that contained the

angle p = 5 deg.

Thc equatorial plane patterns were formed by the excitation of two

antennas with a differential phase. Since the phasing section was a coaxial cable,

the phase varied with frequency. The radiation pattern "ripple" or the gain

decrease in the EOE direction (relative to beam peak) at the switching position

is the factor that causes a severe reduction in the gain for the 0 plane. The EOE

ripple was determined from the equatorial plane patterns of Fig. 28. The EOE

angles that correspond to switching positions SI and S2 occur at = - 8.65 and

- 23.65 deg (Fig. 1). The computed EOE ripple is shown in Fig. 30 as a

function of the phasing between the two elements with frequency as a parameter.

Optimum condition occurs when the phase delay corresponds to the intersection

of the - 8. 65 and + 23. 65 deg curves of Fig. 30. However, since the phase delay

varies with frequency, a conpromise must be made in the selection of the

phasing cable length. (The designer must select the phase that provides the

optimum performance over the entire frequency band.) A comparison of
computed and measured EOE correction values is given in Fig. 18 for both

the polar and equatorial planes.

The directivity of the antenna was calculated from the computed

patterns with D = D,.rDI as described in Eq. (2). Tha results are compared

with the measured values in Fig. 31.

J,. VSWR AND MUTUAL COUPLING

Thc VSWR characteristics of the individual open-sleeve dipoles in the

},;lf-scalc model were measured for various dipole-to-reflector spacings and
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an axial dipole spacing of 20 in. The crobsecI dipolc-pair NV and JNH
(Fig. 5) was selected for these incasureri-ents and all other dipoles in the

array were termuinated in a 50-uohni load.

Ti-i rneasureti VS\WR respon ;e of botA thc axial and( trarsverse dipoles

for sevecral dipoleu- rellector spacin-s is shovvn in Fi.3Z. In all cases,

the ov( rail VSWR rcsponse of the axial dipoles appears to be sli!i'ltly beCtte r

thani that of z he t v-' ,t (! dijo l s . 1llis is b)CIi cv Vto Li.) helue- to ffic dIiffer ence

ill Coupi C.,2 C tete S I .hould be i e ntioncd thiat the R 'Al ot the- icvli vidual

diocl l tit! lnal -: :tl- inodol i vas greate r than that to r the full- scale modui

b)CC usi. Lh- dil. C'. tei S, \kC re ncoL scaled exacetly: i.e. , tile indrividual

:rc- d 1ho) ~ dinl thlt Ilt -.- ae nI Ilel arIray 1,1! 1 ~ In C kt1. Li C d iai ite r

of OASI in jWi 4)A~lthoium1- / ill. is recCoimfldici(I 1)r file till-scale moldel

.art-a\ 3.i 3, Section IV). I he\Slc lia~tcrmstms of 't Illi-sta iCv.-re-

I c lat-s iee e d ip)l $ 1I .l..-o i e !n ;V.
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andi the runmai,inc _1C elements in thec arra-y terminiate'! in finatc I cd loadls. A

IIhlasIll! able \% 1 dii an1 Cqtii aeIt)IIsL deCLIa Ut L (I J' at1 -1L Mi I L V. a~ ,U cd
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IlitOc ll iured. 0 1  lgV \C ULI r-qUCM 101- yUr111 aXial. (I )0 IC S).Ci

22in. is showni ;,- Vii,.. 33. In;c rC[ It reimct rIdincL wa-1S taL . ' the inouAt

po\\crl L,- one eceet At tcactci J~rV(jU(2iiCY, eil, :irle re)iJ :1 tilc ade CIeL

Col,11)illCL Vi].1 ti. -f thle fur ie Cvie Lite ha rs inc I icate tie main Lc u! va riationis.

Onl theW Zlt2ILe : UIth :lieaLu1 couplimi ranocb tri*Ol Cli)oiui )d t iet

end1( of tile 1roCCj1ilv tI~anri to ;i),omit - 24 (Ml it tile high end. Ihe %\S%%i1. rcspor-c

ait c acti e ltiun iic \:s al l Nva.i re 116( 'Xiltim LI L ote I- Lillc re CC ecils tcini a

in anl open ':ilcuit, short circuit, oJr a !iatched loadi. No discrnil1le chan.,c
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C. OTHER INVESTIGATIONS

i. SHADOWING

The objective of the wire-grid configuration was to minimize shadowing

of the solar cells caused by the radiating elements. As previously mentioned,

this construction simulates a metallic surface. The full-scale crossed, open-

sleeve dipole nmounted on a partial cylinder of approximately 84-in. diam is

shown in Fig. 34. 'The effects of shadowing on the satellite surface arc shown

for two aspect angles. The dielectric supports for the dipoles and sleeves

are constructed of lucite in order to simulate quartz in the final antenna.

Shadowing is shown from all the edges. The dipole shadow reveals a iiniiuni

of four and as many as eight wires. The worst shadowing occurs from the

balun, which produces a shadow as ,vide as 0.43 in. The holes for the dipoles

and the slits for the sleeves would be eliminated in the final model. Instead,

the wires would be passed through holes in the quartz material. This would

reduce the shadowing by the dielectric edges.

The worst-case shadowing should be a consideration in the design of

the solar cell array. The length of tin 2 the shadow persists, the tinm con-

stant of the solar cell subsystem, the expected loss in powcr, and other

deleterious effects should be investigated and methods established for resolving

the problems.

2. OMNIDIRECTIONAL PATTERN FOR FAIL-SAFE MODE

Aks mentioned in Section IIA, the antenna system can be provided v&ith

a fail-safe mode of operation. Provisions can be made for sv\itching the

antenna to yield an oniidirectional pattern in the event of failure in the sensing,

logic, and switching circuitry. System gain would naturally be less (8 to 10 dBS)

than normal. However, certain communication links would still be provided

between the satellite and the high -performance ternminals.

Preliminary equatorial plane pattern computations indicated a deviation

from circularity of less than ± 0.3 d3 at 225 to 300 MHz (full--scale) and
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±1.5 dB at 400 MHz. If we assume that the pattern is omnidirectional, then

the loss in directivity is the factor DH described in Eq. (4) or the directivity

of the array is equal to DV (Fig. 25).

HOLE FOR DIPOLE

-SLIT FOR SLEEVES

a. SUNLIGHT DIRECTLY OVERHEAD

b. SUNLIGHT AT AN ANGLE

Figure 34. Photographs of Full-
Scale Wire-Grid
Dipole and its
Shadow
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IV. FULL-SCALE ANTENNA CONFIGURATION

A. MECHANICAL CONSIDERATIONS

A brief study was devoted to the mechanical design problems

associated with the full-scale antenna using an open-sleeve dipole as the

basic radiating element. Although no comparison was made between the

open- and conventional-sleeve dipcles, it appears that either should provide

nearly equivalent electricaf characteristics. In order to determine the

mechanical advantages of the two sleeve dipole arrangements, an in-depth

study would be required of all the launch, stowage, and space environments

as well as fabrication techniques. The open-sleeve dipole was selected for

the experimental work for the sake of ease in making adjustments of the

antenna parameters and because of a simpler fabrication procedure. The pre-

sent flat-sleeve dipole is an outgrowth of the initial study of crossed, open-

sleeve dipoles, which used a tick-tack-toe sleeve arrangement (Ref. 3).

The dimensions of the full-scale wire-grid flat-sleeve dipole are

shown in Fig. 35. A full-scale laboratory model was constructed for use in

making VSWR tests and for studying the effects of shadowing (Fig. 34). The

dipole is Z0.L in. long and consists of eight, 20-mit diam wires equally

spaced on a 1.50-in. diam circle. ihe "wire cage, " which simulates a solid

metal surface, has an effective diameter of 1. 13 in. The dimensions shown in

Fig. 35 are considered to be nominal because some slight modifications may

be required for optimization of the electrical characteristics.

In the recommended configuration, clear quartz is used for the sleeve

supports in order to minimize shadowing of the solar cells. It is also recom-

mended that the quartz edges have sharp corners in order to minimize the

shadow area created from the edges. If desired, the sleeve can also be

secured to the balun structure by a dielectric material. The dipole wires

and sleeve wires are passed through the quartz material by way of 21-mil

diarn holes. The feed point vicinity demands special. design considerations

because it must be rigidly secured, and the copper and te'lon portion of the

PWCEDTNG PACE BLANK--T FILI4D -53-



- K

o2

4: -J

' " 1 I I ..-

\ -.. ,- - ,. ' ,. , , il "l - .-E/ 4 .. _ _

., 4-, ¢ i'C
1-' , "4

.. 'i k ..---:T-:\ C -

"\4-... ."

-5" .--

7,,, _, 7
| , . .. ..

I I ~ l7' . .- I i i I



coaxial cable must be protected from the radiation environment. Thus, a

quartz cylindrical cap filled with foam is suggested.

The balun consists of a coaxial feed section and a metal tube for the

second arm. This tube should be used as the main mechanical support for

the dipole assembly. Because there is a balun for each dipole, two structural

tubes are available for the cantilever beam design.

Any additional supports that may be required for protection of the dipole

assembly during launch were not considered in the present study. Further-

more, the concepts presented in Fig. 35 were given only a cursory evalua-

tion in determining the survivability of the dipole assembly in a space and

potential nuclear environment.

B. ELECTRICAL PERFORMANCE CHARACTERISTICS

The electrical performance characteristics of a full-scale antenna are

projected here on the basis of the results obtained from the half-scale model

measurements. The basic radiating element is a crossed, wire-grid dipole

with flat, open sleeves, although closed-sleeve dipoles may also be used and

would probably provide equivalent eectrical performance.

The VSWR characteristics of a full-scale laboratory model of a wire-

grid dipole with flat sleeves are shown in Fig. 36. The dimensions are as

given in Fig. 35. The measurements were made with the dipole mounted on

a partial cylindrical surface of 84-in. diam (Fig. 34). The VSWR is less than

2.5:1 over the operating frequency range of 225 to 400 Mllz. As mentioned in

Section III3, the VSWR response of the full-scale model is flatter than that

obtained for the half-scale rrodel because the effective dipole diameter of

the half-scale model is slightly less than half that of the full-scale nodel.

However, the VSWR data of Fig. 36 indicate that the dipole and sleeve

parameters have not yet been optimized and can be further improved.

For example, the maximum VSWR of 2.5:1 at mid-band can be reduced

by varying the length of the sleeves. The VSWR at the band edges will be

slightly increased (Ref. 3), and a flatter VSWR response will be pro-

vided over the desired operating frequency band. However, this optimiat ion

procedure has not been performed because of the lack of time.
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e102 -RUN 37

DESIRED OPERATING FREQUENCY

RANGE
C,,

2

200 250 300 350 400 450
FREQUENCY, MHz

Figure 36. VSWR Response of a Full-Scale Wire-Grid Dipole With
Flat Sleeves. Gage diameter i - 1i/ in.; effective
diamete r 1 - 1/8 in.
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The radiation pattern characteristics of the full-scale antenna are

expected to be identical to those of the half-scale antenna. The equatorial

and polar plane radiation patterns at 225, 300, and 400 MHz are shown in

Figs. 37 and 38, respectively. These patterns were obtained from the half-

scale model measurements (Section 1liA). The axial dipole spacing is 40 in.,

and an azimuth phasing cable with an equivalent phase delay of 25 deg at 225

MHz is used. The corresponding phase delays at 300 and 400 MHz are 33

and 44 deg, respectively. The relative beam switching positions (Si and S2)

in the equatorial plane are also shown in Fig. 37. The decrease in gain at

EOE is a measure of the pattern level relative to the beam peak at 8.65 deg

from the beam switching positions. In the polar plane, the decrease in EOE

gain is given by the relative pattern level at * 8.65 deg from the beam peak.

The decrease in gain at EOE as a function of frequency in the two planes is

shown in Fig. 18.

The directivity of the full-scale antenna as derived from the half-scale

measurements is given in Fig. 17. A comparison of the measured directivity

with that obtained from 47r integration of the measured radiation patterns is

also given. The difference is attributed to the antenna ohmic as well as other

unaccountable losses. On the average, the antenna loss is 0.28 dB.

The antunna gain is obtained by subtracting the losses from the

directivity. The estimated total antenna system losses (up to the diplexer

input) are shown in Fig. 39 as a function of frequency. The various contribu-

tions are summarized in Table 4. The projected antenna gain (beam peak and

EOE) for the full-scale a-tenna is shown in Fig. 40. The antenna meets the

specified gain requirements delineated in Section IA.

An exemplary feeding arrangement for the full-scale antenna is described

in Ref. 1 1. The switching network is similar to that of the LES-6 antenna

system (Ref. 12). A block diagram of the switching network is shown in

Fig. 41. Since the system has 12 radiating elements around the circumference

of the satellite instead of eight, SP6T switch elements are substituted in place

of the S1-4T switch elements used in the LES-6 system, and four switches are

useid. Tlhis arrangement reduces the power-handling requirement oi the
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Figure 39. Estimated Total Antenna System Losses for
Full-Scale Model
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V. SUMMARY AND CONCLUSIONS

A circularly polarized, electronically despun antenna system has been

developed for use on spin-stabilized satellites at synchronous altitude. The

antenna consists of 24 wideband radiating elements arranged to form two

circular arrays of 12 elements equally spaced around the circumference of an

84-in. diam satellite. Only a 2 X 2 array is used at any one time. By means of

electronic sequential switching and phasing, the beam can be scanned through

24 equally spaced positions about the spin axis of the satellite. A sensor-

controlled switching logic can be used to point the beam toward the earth as

the satellite rotates.

The basic radiating element is a crossed dipole with flat, open sleeves,

and the antenna system is capable of operation over a frequency band of 1.8:1

(225 to 400 MHz). Both the dipoles and the sleeves are of wire-grid construc-

tion, which minimizes shadowing of the solar cells. For the experimental

model, the measured VSWR of an individual dipole is less than 2.5:1 over the

operating bandwidth.

The recommended switching network for the antenna system is similar

to that used in the LES-6 system with slight modifications. Laboratory mea-

surements of a LES-6 switch unit (obtained from the MIT Lincoln Laboratory)

have indicated satisfactory performance over the entire 225 to 400 MHz band

(Ref. 11).

Results of pattern and directivity measurements made on a half-scale

model of the antenna system have indicated that the full-scale antenna can

adequately meet the specified EOE gain requirements as summarized below.

Goal Achieved

225 - 250 MHz 9.0 dB > 9.3 dB

250 - 400 MHz 6.0 dB > 8.5 dB
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